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ABSTRACT
The various means for increasing electric motor efficiency and power factor are presented from the design and application 
points of view. Various design options are explored using computer aided design procedures. Motor characteristics are reviewed 
with the intent of maximizing efficiency through proper application. A thorough study of the economics of higher efficiency 
motors is presented showing payback to the user in terms of energy cost savings and payback of the increased energy required to 
produce the higher efficiency motors.
Today energy conservation is a vital national concern. The reasons are 
numerous. Our resources for energy are diminishing and are becoming 
more d ifficu lt to obtain. We are becoming more dependent upon 
foreign sources. It appears that if conservation measures are not tak en, 
the possibility exists for a shortage of energy within the next ive 
years. Perhaps the greatest impact of energy conservation measures 
that can be felt immediately is the savings that can result. These 
potential savings have been the object of various energy management 
programs carried on by private consulting firms as well as large cor 
porations involved in processing and manufacturing. In addition, the 
consumer and the homeowner are becoming more aware of the in­
creasing costs of energy and the savings available with the proper 
selection of equipment.
The costs of energy have skyrocketed in recent months. A recent sur­
vey by National U tility Service Incorporated reveals that the average 
increase among the nation's fifteen largest investor owned utilities dur­
ing the 1 8  month period from June, 1 9 7 3  to December, 1 9 7 4  was 
61.3%. Similar increases in publicly owned utilities have occurred. 
Electricity rates in the U.S. may soon be the highest in the world. 
Future predictions conclude that increases in the 1 2 - 1 5 %  range can be 
expected in the next five years. As alternate sources of energy are 
developed and the costs of capital come down, the cost increase may 
level off to the 4% range after 1980. It is a very dynamic situation and 
leads to the conclusion that energy management is a very important 
issue for all of us.
As the energy issue becomes more clearly focused, the federal and 
state governments are taking active roles in establishing voluntary and 
regulatory energy standards. A recent count shows that 1250 different 
pieces of legislation have been proposed before Congress relating to 
energy. A t the state level 29 states already have the authority granted 
by legislation to regulate energy in construction or are in the process 
of passing legislation this year. There are several energy conservation 
activities related directly to electric motors. These are (1) the estab­
lishment of energy efficiency goals for appliances by the National 
Bureau of Standards, (2) the Federal Energy Administration survey on 
motor and generator efficiency, (3) GSA purchases of high efficiency 
appliances, (4) energy conservation in existing buildings by the Gen­
eral Services Administration, and (5) the ASHRAE Standard 90-75, 
Design and Evaluation Criteria for Energy Conservation in New Build­
ings.
Due to the increased pressure from federal agencies the Motor and 
Generator Section of the National Electrical Manufacturers Asso­
ciation (NEMA) established an Energy Management Committee which 
has already met to act upon the energy and efficiency issues as related 
to electric motors and their applications.
Electric motors are major consumers of electrical energy. Figures* 
released by the Federal Energy Administration indicates that 35 per­
cent o f all electricity generated in the United States is used to drive 
electric motors and in the industrial sector, the figure is 50 percent.
*From Patterns o f Energy Consumption in the United States, Stan­
ford Research Institute report prepared for Office of Science and 
Technology, Washington, D.C., 1972
REVIEW OF DEFINITIONS
Before discussing motor characteristics it would be well to review the 
foliowing definitions:
Efficiency, % = outPut x 100
input
or Efficiency, % = mPUt -  losses x -jqq 
input
Power Factor, % =___ watts___  x 100
volts x amps x/~3
In order to understand power factor one must understand that the 
impressed sinusoidal voltage when applied to an inductive device such 
as an induction motor will result in the current through that device 
lagging by an angle, 0 (Ref. to Figure 1). Another way to represent this 
lag is shown in the phasor diagram in Figure 1. Here the vector Ol is 
displaced 0 degrees from the voltage vector OE. In this situation the 
generator at the power station supplying this motor must produce 
voltage OE and current Ol and hence is rated in volt amperes or the 
product of OE x Ol. However, the motor only consumes watts OE x 
OA. Thus the ratio of watts to volt amperes is known as the power 
factor. Some utilities in various parts of the country charge varing 
rates depending upon the power factor. If the power factor is low the 
u tility  must provide more current than it is charging for as indicated 
by an ordinary watt meter, therefore it is not unusual for a penalty to 
be assessed. High power factors are consistent with the efficient u til i­
zation of electric energy because they also require smaller feeder con­
ductors to service the equipment, smaller rated service entrance equip­
ment and result in lower line losses. Hence the ASHRAE Standard 
90-75 has recommended a minimum power factor of 85% for all 
equ ipment rated at 1000 watts or higher.
Figure 1 -- Power Factor Definition
OE = Line Voltage
Ol =Line Current
OA^Active Current Component
Al “ Reactive Current Component
Watts=OE x OA 
VA =OE x Ol 





The variation of power factor and efficiency with motor load is shown 
in Figure 2. Notice that the efficiency is essentially constant over a 
range from 50-125% of full load. The power factor is more severely 
effected by underloading the motor and therefore it is important to 
size the motor to the load as closely as possible to the full load point. 
Most dripproof integral horsepower motors have a 15% service factor 
which means that the motor has a 1 5% reserve over its full load point. 
Therefore, it is recommended that motors be operated as close to full 
load as possible.
NEMA Standards* allow a 10% voltage variation from rated voltage 
for all machines. Figure 3 shows the effect of 10% under voltage and 
10% over voltage on the efficiency. At the rated horsepower, there is 
less than 1% variation in efficiency due to voltage variation. However, 
if the motor is over loaded the under voltage condition will result in a 
drop of efficiency. Conversely, if the motor is quite under loaded 
the over voltage condition will result in a drop in efficiency. Again, it 
is important to maintain the motor load as close to the full load point 
as possible.
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*NEMA Standards for Motors and Generators, Publication MG-1, 
National Electrical Manufacturers Association, New York, N.Y.
The effect of line voltage on power factor is much more dramatic as 
can be seen in Figure 4. The under voltage condition actually improves 
the power factor by a few points and the over voltage condition has an 
even greater effect in the opposite direction. This effect is due to the 
high magnetization current required to magnetize the core of the 
modern day electric motor. This is true in both integral and fractional 
horsepower sizes. If the motor is under loaded the drop in power 
factor is quite dramatic particularly in the over voltage condition.
Figure 4 -- Typical 3-Phase Motor Characteristics Power Factor 
Sensitivity
The trend of efficiency and power factor for various horsepower rat­
ings from 1 to 200 is shown in Figure 5. Both efficiency and power 
factor are greater for the larger machines than they are for the smaller 
machines. It can also be said that two pole (3600 RPM at 60 Hz) 
motors have higher efficiencies and power factors than 4 pole (1800 
RPM at 60 Hz) machines. This trend continues with higher numbers of 
poles.
No electric motor is operated alone. Every electric motor is a com 
ponent in a system which converts electric energy into some other
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form of useful work, such as air moving, compressing of air or gas, 
moving a conveyor, operating a washing machine, etc. In every case, 
the efficiency at which this energy conversion takes place is the prod­
uct of the individual efficiencies of all the components in the system. 
Hence, the efficiency at which clothes are washed is a complex func­
tion of the motor efficiency in combination with the efficiencies of 
the transmission, belts, pump, and the manner in which the various 
functions are controlled by the timer or other sensor mechanisms. 
Therefore, the efficiency of a motor is only a part of the total sys­
tem's efficiency.
Some devices do not impose a smooth steady load on the motor, but 
instead, 'cause wide fluctuations in motor load due to the nature of the 
driven mechanism. Examples of these types of load are punch presses, 
oil well pumps, and various types o f compressors. These loads require 
special motors with high slip rotors that w ill allow the speed to vary 
widely w ith the load. The inertia in the load can then supply the 
stored energy on each half cycle. The steady state "fu ll load e ff i­
ciency" of such a motor w ill be considerably less than a standard 
motor, but under operating conditions, the overall system efficiency 
with the high slip motor w ill be considerably higher. Therefore, with 
cycling loads, the operating efficiency of the entire system is the 
important factor and not the individual components operating separ­
ately.
Other types of uneven loads are possible also, such as those found in 
machine tools, crane and hoists, and traction drives in lift trucks. 
Motors for these devices seldom operate at a single "fu ll load" point. 
The amount of energy consumed is again a function of the total sys 
tern efficiency including the efficiency of the electric motor to pro­
vide its energy conversion functions over the range of speeds and 
torques required. Therefore a comparison of one unit to another, or 
one motor to another must be done with a common duty cycle and an 
assessment made of the total energy consumed to complete the 
mission required.
METHODS FOR INCREASING EFFICIENCY
From looking at the equation for efficiency it is obvious that a reduc 
tion in the losses w ill result in an increase in efficiency. The losses in 
an electric motor are found in several basic components. The core 
losses are the watts dissipated in the magnetic steel due to hysteresis 
effects and eddy currents. These losses can be reduced by using th in ­
ner gauge laminations to reduce eddy current losses and by using steel 
w ith improved core loss properties. A steel w ith improved core loss 
properties that is currently available is known as silicon steel. This 
material presents other problems such as reduced permeability at high 
inductions and shorter die life due to increased punching difficulties. 
The magnitude of the core loss in the various portions of the magnetic 
circuit are a non linear function of the flux density in that portion of 
the circuit. A reduction in the density by means of increasing the area 
for the flux to permeate, or a reduction in the strength of the machine 
or the flux itself w ill reduce the core loss significantly. This translates 
into adding more material in the magnetic core structure.
The copper losses are a result of the line current pasing through the 
copper (or aluminum) windings in the stator and are known as l2R 
losses. These losses can be reduced by reducing the R which means 
using a higher conductivity materal (copper is about the best available) 
or increasing the cross sectional area of the conductor to  drop its re­
sistance. This again translates into the addition of winding conductor 
material in the stator circuit. A reduction in the current (I) can be 
attained most easily by reducing the magnetizing portion of the cur­
rent. The magnetizing current can be reduced by shortening the air 
gap or reducing the flux density in the magnetic portions of the 
motor. The air gap length is generally chosen based on a number of 
compromises involving mechanical considerations, noise and air gap 
density levels. Adding more magnetic material will reduce the flux 
densities.
Among the other losses which can be considered are the I2 R losses in 
the rotor which is a function of the rotor conductor (usually die cast 
aluminum) and the slip of the machine or the difference between 
operating speed and synchronous speed. The lower slip machines have 
lower rotor l 2R losses. Friction and windage are other components 
which are usually small but can be considered in the design of the 
ventilating fans and the bearing and lubrication configuration. Addi­
tional losses which are more d ifficu lt to analyze, but which can be 
significant are the fundamental and high frequency stray load losses.
Thus, it can be seen that the design of an electric motor with respect 
to its losses is a compromise involving the performance of the ma­
chine, the economics of the material to be used and in many cases the 
ability of the ventilating fans or radiating surfaces of the motor to re­
move heat losses generated by the machine itself.
METHODS TO INCREASE POWER FACTOR
In studying the equation for power factor one has several choices, the 
first of which is to increase the watts loss. This is contrary to what we 
have been discussing on efficiency; however, if power factor is the 
only consideration the watts can be increased and a higher power fac­
tor w ill result.
Perhaps the best approach is to decrease the line current. As this is 
done the watts will also decrease. There are ways, though, to decrease 
the line current at a faster rate than the watts w ill decrease. These 
methods are related to the non-linearity of the magnetic circuit. As 
discussed above, the line current can be reduced by decreasing the air 
gap, decreasing the magnetizing portion of the current by decreasing 
the flux densities or the magnetic loading and also by decreasing the 
leakage reactance which is a function of the geometry of the stator 
and rotor slots. A ll of the compromises discussed above apply here 
and the same conclusion can be drawn that an increase in amount of 
material will be the most direct way to increase the power factor and 
efficiency.
In both cases the design of the machine must be optimized for the 
best utilization of the active materials. This process of optimization 
has been greatly enhanced in recent years w ith the use of the digital 
computer. Most motor manufacturing companies today have com­
puter aided design procedures which aid the designer in making many 
of the complex calculations required to design an electric motor in a 
matter of just a few minutes. Prior to this time such calculations 
would take several hours.
THE TWO LEVEL DESIGN APPROACH 
FOR INCREASED EFFICIENCY
The first approach to be investigated is the brute force method of 
adding material to a group of selected ratings, observing the increases 
in efficiency and power factor and then making an economic study of 
their impact. In our analysis we chose two levels of material increase 
as follows:
Level 1, add 15% more core length which results in approximately 
11% increase in material cost, and
Level 2, add 30% more core length which results in a 23% increase in 
material costs.
In both cases, copper magnet wire was added to maintain the same 
strength machine w ith the same winding slot fill.
The material costs are based on active material only, i.e. the wound 
core and rotor core. No consideration of mechanical construction 
changes are included.
Figure 6 displays the results of the increased material designs on effi 
ciency for the ratings investigated from 1 to 200 HP. It is apparent
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from the curve that the first increase in material has a greater imp 
on the current design than the second level of material increase. A f t  
the effect on smaller horsepower ratings is more significant than on 
the larger horsepower ratings. The same trend analysis is shown m 
Figure 7 for the power factor.




9 5  i__ 23% Increase in Mat I Cost
7 5 “
7 0 L  1. 1 . 1  i . I 1 ] I
1 2  5 10 20 50 100 200
Horsepower Rating
In order to quantify the economics of the addition of active material 
the payback period was selected as one possible measure. The payback 
may be defined as follows:
Payback (years) = _________Price increase_____________ where the
KW saved x running time x energy costs 
price increase is in dollars, KW saved are in kilowatts, running time in 
hours per year and energy costs in dollars per kilowatt hour. Other 
considerations which are not quantified are the savings in power factor 
penalties, the copper in the distribution svstem and the savings in the 
distribution transformer due to the smaller KVA rating required.
If we assume a running time of 4000 hours per year based on 2 shifts 
per day or 16 hours, 5 days per week and 50 weeks per year we can 
plot payback in terms of the years to payback at 4000 hours per year 
running and energy costs in cents per kilowatt hours. (Note that one 
year = 8760 hours.) Figure 8 shows a plot of payback directly in years 
vs. energy costs in cents per kilowatt hour for several ratings of the 
Level 1 design. Note that at 3d per kilowatt hour the payback for the
5 FdP rating is only 6/10 of a year and that for the 100 FHP rating the 
payback period is just over one year.
Figure 9 shows the same data for the 5 HP motor for both Level 1 and 
Level 2 designs. Note the faster payback for the Level 1 design. Con 
siderably more work must be done to optimize these designs. However, 
these data shows the basic feasibility of economically adding material 
to conserve energy.
Figure 9 Payback vs. Energy Cost for 5 Hp Motor
ENERGY PAYBACK
While the economics of the higher material content motors appears to 
be justified it is important to assess whether the increased energy re 
quired to produce the higher efficiency machines is justified. There 
fore energy payback is defined as the hours of running time to save 
the quantity of energy required to produce the additional material in 
the higher efficiency machine. The energy requirements to produce 
the 3 major materials in the active portions of the electric motor as 
follows:
Steel = 5.45 KWH/pound
Copper = 15.15 KWH pound 
Aluminum = 36.6 KWH pound
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These figures * include all the energy required from the mining opera­
tion, transportation, and all the processing until it is put into the elec 
trie motor itself. The results are shown in Figure 10 and indicate that 
the energy payback generally lies in the range of 800 2000 hours of 
running.
Figure 10 - Energy Payback vs. Horsepower Rating
Horsepower Rating
The above analysis using the Level 1 and Level 2 design approach 
indicates that in every respect higher efficiency machines are possible 
and that in general the economics appear to justify the more expensive 
machine. This was certainly not true five years ago when energy costs 
were much less significant than they are today. The foregoing study 
has justified also the refinement of our approach to develop a line of 
motors discussed in the next portion of this paper.
THE GOULD APPROACH TO HIGH EFFICIENCY 
AND POWER FACTOR MOTOR DESIGN
Because of impending legislation and the ASHRAE Standard 90-75 
which imposes the 85% power factor level on all utilization equipment 
rated at 1000 watts and higher, the 85% power factor level was chosen 
as a design parameter. In addition, efficiency improvement was 
deemed necessary in order to help justify the power factor improve­
ment from an economic standpoint. In developing this line various 
methods were used to optimize the designs in addition to simply add­
ing material. These included air gap adjustments, changes in slot con­
figuration, a change in steel, changes in winding design etc. Mechanical 
considerations were made and their associated costs assessed. NEMA 
frame assignments were established and Marketing established pre­
liminary pricing so that realistic figures could be used for the payback 
analysis. These motors are currently being marketed under the name 
E-PLUS.
Figure 11 shows the result of the improvement from the current de­
sign to the new design for power factor and Figure 12 shows the e ffi­
ciency improvement. This development was limited to the ratings 
from 1 to 25 HP polyphase, 1 750 rpm.
Figure 11 -  Efficiency vs. Horsepower Rating Dripproof Motors
Horsepower Rating
Figure 12 -  Power Factor vs. Horsepower Rating Dripproof 
Motors
Horsepower Rating
Again, the actual payback on price increase in years is plotted against 
energy costs in t  per kilowatt hour for several ratings (Figure 1 3) and 
’ Technology Review, February, 1975, Pp. 39 43, Massachusetts In- they show very reasonable numbers. The 2, 3, 5 and 7% Hp ratings all 
stitute of Technology, Cambridge, Mass. fall w ithin a band which has a payback period of less than 2 years at
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the 2-3<zf energy cost level. Even the 25 HP rating has a payback of less 
than 214 years at today's energy costs.
Figure 13 -  Payback vs. Energy Costs for 
Various Horsepower Ratings
An additional method of analyzing economic justification is life cycle 
costing. Taking the initial cost and the operating cost of the two de 
signs and plotting them against operating hours, yields a relationship as 
displayed in Figure 14. The breakeven point is shown where the total 
costs of the two designs are equal. After this point the higher e ffi­
ciency motor generates savings for the rest of its life. This curve is 
quite conservative, assuming no energy cost increases.
Figure 14 -  Life Cycle Costs for 3 Hp Dripproof Motors
A similar study has been completed for a line of TEFC (totally-en­
closed fan cooled) motors, commonly used in the chemical and 
processing industries. Efficiency and power factor improvements are 
equivalent to the dripproof line and payback values are equally attrac­
tive.
ADVANTAGES TO THE HIGHER EFFICIENCY DESIGNS
that result. Because the motors are built with lower magnetic den 
sities, the magnetic noise is much reduced. These motors are dis 
sipating considerably lower losses, the motors are running cooler and 
therefore the insulation life is extended. It would not be unusual to 
find a 10°C lower temperature rise which will result in a doubling of 
insulation life. Because the motors are dissipating less watts, the fan 
noise could be reduced through the use of smaller and quieter venti 
lating fans.
The sensitivity of the new motors to line voltage variations is much 
reduced. Figures 15 and 16 show the effect of 10% over and under 
voltage on efficiency and power factor for a typical rating. A com­
parison of the power factor variation with the older design is shown in 
Figure 17, and reveals the new design to be far less sensitive to fluctu 
ations in voltage. The improvement is even more dramatic at loads 
under full load.
Figure 15 -  E-plus Motor Characteristics Effect of Line Voltage 
on Efficiency
Figure 16 -  E plus Motor Characteristics Effect of Line Voltage 
on Power Factor
In addition to the obvious economic advantage of the higher e ffi­
ciency and power factor motors, there are a number of other benefits
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Figure 17 -- Motor Characteristics Power Factor Sensitivity Com­
parisons
SUMMARY
Increasing costs of energy have practically dictated a line of higher 
efficiency and power factor motors. Increased product costs of these
motors can be justified by the energy saved in their operation. Correct 
application of the proper motor is essential for a successful, energy 
efficient conversion of electrical to mechanical energy.
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